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INTRODUCTION
The mechanisms by which deep brain stimulation (DBS) of the subthalamic nucleus (STN) modifies behaviour or performance of patients with Parkinson's disease (PD) have been investigated in a number of positron emission tomography (PET) studies. For the abnormal brain involvement during motor tasks in patients al networks during a motor performance in patients with PD, and this would be reflected in the use of functional components driven by ICA. Consequently, this experiment aimed to establish whether cross-sectional ICA of PET images could be used as a measure for identifying alterations in the functional networks due to STN-DBS in patients with PD, which were but are not made evident with the subtraction method.
MATERIALS AND METHODS

Subjects
Ten right-handed patients (four males and six females) diagnosed with idiopathic PD and treated with bilateral STN-DBS were enrolled in this study. Their symptomatic dominance was right:left=5:5. The mean age at disease onset was 48.6 (±9.83) years, while the mean age at surgery was 58.1 (±8.97) years and the mean age at scan was 61.0 (±7.97) years. The mean interval between DBS surgery and PET scanning was 32.8 months. Patients with PD were scanned without interruption of the regular anti-PD medication. All patients were assessed with the Unified Parkinson Disease Rating Scale once before surgery and again immediately before the PET scan. This study followed the guidelines for research with human subjects established by our Institutional Review Board and all subjects gave written informed consent. Demographic and clinical data are shown in Table 1 .
DBS and the experimental task
As a provocation task, patients performed a sequential finger-to-thumb opposition task using both hands by sequentially matching the thumb to the four other fingers of each hand, with an average frequency of 1.5 actions per second. This task has routinely been used to evaluate severity of PD symptoms especially in bradykinesia, which appears to be highly improved due to DBS in PD. We allowed slight individual differences in motor performance depending on the patient's status. However, patients were instructed to maintain a similar level of motor performance in the DBS-On and DBS-Off states, which was confirmed during the experiments. In the resting state, patients lay quietly without moving. PET scans started one minute after each patient's task was performed.
Four PET scans were acquired in the following order: resting state with DBS-On, task state with DBS-On, resting with PD, 1-3 STN-DBS promotes task-specific modifications by increasing activities in hypoactive regions, while decreasing those in hyperactive regions. 1, 4 However, the effects of DBS on motor tasks have mostly been investigated in the aspect of regional changes, rather than changes in networks. Therefore, it is not fully understood how STN-DBS affects the functional networks for motor tasks in patients with PD.
Despite its importance, investigation of the DBS effect on the brain network of PD was hampered by the method to explore functional connectivity among brain regions during DBS. Although resting state functional magnetic resonance imaging (fMRI) makes it possible to research functional connectivity in patients with PD, 5, 6 it is not a simple matter to directly apply this method to a DBS study in a conventional way due to safety issues of fMRI. PET imaging, preferably used in many DBS studies, does not provide time-series information to estimate functional connectivity, defined in the fMRI or electroencephalogram domain. Thus, an alternative approach is needed to estimate DBS-induced network alterations using PET images.
To explore brain networks using static PET images, correlation or covariance structures in cross-sectional PET images have been used. [7] [8] [9] [10] For example, the principal component analysis (PCA), a most representative method in the covariance approach, estimates spatially 'orthogonal' components that represent functional association among brain regions. 11 However, in exploring hidden source components constructing diverse brain activities, source components may be more plausibly modeled with mutually 'independent' activation patterns than mutually 'orthogonal' patterns posited in PCA. For this reason, Park, et al. 12 introduced an independent component analysis (ICA), a well-established method in the fMRI analysis, [13] [14] [15] to cross-sectional PET image analysis and showed that ICA can be reliably used to decompose mutually 'independent' spatial components common to all subjects or tasks.
To understand the effects of DBS on motor networks in patients with advanced PD, we propose an ICA analysis of 15 O-H2O PET images during a motor performance of patients with DBS-On and DBS-Off. In order to measure different brain states between DBS-On and Off within several hours, we used 15 O-H2O PET imaging because of its shorter half-life (2.07 minutes) than other nuclear medicine imaging approaches such as 18 F-fluorodeoxyglucose-PET (110 minutes) or Technetium-99m HMPAO single photon emission tomography (6.03 hours).
We hypothesized that STN-DBS would modify function-state with DBS-Off and task state with DBS-Off. Task and resting state scans for each DBS condition were separated by 15 minute intervals to allow radioactive levels to return to baseline. The DBS-On series was followed by a onehour interval of rest outside the scanner before beginning the DBS-Off series. The stimulator was set to each subject's clinically optimal voltage based on empirical testing performed after surgery. The body and hands were restrained with belts to minimize motion, and patient status and motor performance were monitored by video during the scans. The motor performances of five of the ten patients were recorded with a video camera.
Image acquisition and image processing
Regional cerebral blood flow (rCBF) PET scans were obtained with a Philips GEMINI PET/CT scanner (Cleveland, OH, USA). For each scan, the patient received a bolus injection of 370 MBq of [
15
O]H2O into the antecubital vein in the left forearm through an indwelling catheter. PET data were collected over 120 seconds. Images were reconstructed based on a time-activity curve using 20-120 second intervals. Correction for tissue attenuation was based on data from low dose computed tomography transmission measurements, performed with a 140-kV, 40-mAs/slice. The acquired images were attenuation-corrected and reconstructed using the row-action maximum likelihood algorithm (3D-RAMLA).
Spatial preprocessing and statistical analysis were performed using SPM8 (University College of London, UK). 16 All reconstructed images were transformed into a standard Montreal Neurological Institute stereotactic anatomical space using nonlinear transformation of each image to a group template, which was generated by averaging all PET images after nonlinearly transforming them to the statistical parametric mapping (SPM) PET template space. Spatially normalized images were smoothed by a Gaussian filter with a kernel size of the full-width-half-maximum of 10×10×10 mm 3 . All rCBF radioactivities were scaled proportional to total brain radioactivity to adjust for any global uptake variability between individuals.
Statistical parametric mapping (SPM) of rCBF changes
To investigate regional rCBF changes due to DBS and task performance, as a reference for ICA analysis, we applied two-way repeated measures ANOVA factoring DBS-On versus DBS-Off and finger-to-thumb opposition task versus resting state. Paired t-tests compared the rCBF at each vox- information on the contribution of each independent component to a measured PET image. For the weight element aij and for the j-th IC (j=1,.., M) to the i-th PET image (i=1,.., M), we conducted two-way repeated measures ANOVA with the factors: DBS condition (DBS-On versus DBS-Off) and task condition (finger-to-thumb opposition task versus rest).
RESULTS
According to the visual analysis of the recorded videos of the five patients, there was no significant difference in the motor performances between DBS-On (mean 1.57 trials/ sec, ranges 1.0-2.0 trials/sec) and DBS-Off (mean 1.48 trials/sec, ranges 1.0-2.0 trials/sec) (p=0.37).
Task-induced rCBF changes during DBS-On and DBSOff
The most significant effects from the finger-to-thumb opposition task were found in the bilateral primary sensorimotor cortex, supplementary motor area (SMA) and cerebellum for increased activation and the left middle temporal gyrus and right occipital cortex for decreased activation (Fig. 1A ).
We observed a tendency of increased rCBF due to DBS (if not satisfying the cluster level correction criteria p<0.05) in the right precuneus, right globus pallidum and bilateral cerebellum, while rCBF decreased in the bilateral SMA, right superior frontal gyrus, right lower precentral gyrus, thalamus and midbrain (Fig. 1B) . The activation patterns of the DBS-Off and DBS-On states differed slightly from each other. During the DBS-Off state, the finger-to-thumb opposition task activated the bilateral sensorimotor cortex, left cerebellum, and right SMA, while deactivating the right precuneus and left inferior temporal gyrus (Fig. 1C) . Activation in the DBS-On state was found in the bilateral sensorimotor cortex, cerebellum and cingulate gyrus, while there was deactivation in the parahippocampal gyrus at the same time (Fig. 1D) . SPM results are summarized in Table 2 . Fig. 2 illustrates the functional components corresponding to the task effect, DBS effect, effect of task and DBS interaction, and task performance during DBS-On and DBSOff. Clusters in each component indicate that they were functionally connected with one another. During the DBSOn state, IC25 was the only network showing a task effect el during the finger-to-thumb opposition task with corresponding values during the resting state for both DBS-On and DBS-Off. The significance threshold for the clusters was defined as an uncorrected p-value<0.005 for a cluster containing at least 227 contiguous voxels, which is equivalent to the p<0.05 criteria when corrected by cluster level for multiple comparisons, as estimated by 10000 Monte Carlo simulations.
Alteration of functional networks in the ICA analysis
17
ICA of cross-sectional PET data
To examine alterations in functional networks, we used a cross-sectional ICA modified from that in our previous study. 12 For each PET image [total number M=40, i.e., 10 subjects×2 DBS conditions (On versus Off)×2 task conditions (task versus rest)], we extracted a vector of rCBFs at the voxels within the gray matter (total number of voxels, K=18323), which was defined by SPM a priori maps. All vectors from the M PET images were concatenated to a matrix x, which was decomposed into an independent component matrix s and a mixing matrix A using an ICA algorithm. The matrix sizes of x, s and A were (M×K), (N×K) and (M×N).
For each voxel, a vector of i-th PET image xi can be composed of N independent components (IC) sj, j=1,..N, as below, T =As where xi is a vector of the i-th PET image, si is a j-th IC, and A is a M×N mixing matrix composed of weight elements aij. For this study, we assumed the number of ICs (N) equaled the number of PET images (M), i.e., N=M. The mixing matrix A can be estimated using ICA algorithms, which maximize the mutual independency between the estimated functional components. To reliably estimate the functional components, we followed an ICASSO framework 18 using FastICA. 19 In this ICASSO framework, we ran FastI-CA 50 times with random initial values. From the pool of components driven at each run, ICASSO searches cluster centroids by computing hierarchical clustering according to the dissimilarities among components using average-linkage strategy. These cluster centroids are considered more reliable estimates for independent component. 18 The mixing matrix A, driven by ICA algorithms, carries ∑ tex with anti-phased thalamus and putamen. IC6 is a network of the paracentral gyrus, SMA, precentral gyrus and left globus pallidus. IC4 is a component of the midbrain, pons and the anterior cerebellum. IC40 includes the cingulate gyrus, precuneus, cuneus, and inferior temporal gyrus with anti-phased right paracentral gyrus, frontal gyrus, left cuneus, and cerebellum. IC8 is a network of the lower precentral gyrus, inferior frontal gyrus, premotor area, posterior cingulate cortex, and cuneus with anti-phased precuneus, postcentral gyrus, superior frontal gyrus and medial frontal cortex. IC14 is composed of the SMA and superior and middle frontal cortex, left precentral gyrus, left lingual gyrus, right precuneus with the anti-phased inferior and middle frontal cortex, inferior temporal gyrus, right parietal cortex and right caudate. IC16 is a map of the paracentral gyrus, middle frontal gyrus and right precentral gyrus with the anti-(p=0.0003). The components of DBS effects were found at IC4 (p=0.037), IC6 (p=0.039), IC9 (p=0.047), IC25 (p= 0.038), and IC40 (p=0.049). Interaction between task and DBS was found at IC8 (p=0.017).
In the DBS-Off state, IC25 (p=0.0007) and IC16 (p= 0.030) were involved in task performance. The DBS-On state recruited networks IC25 (p=0.0013) and IC40 (p= 0.046) for motor performance. IC8 (p=0.031), IC14 (p= 0.017), IC25 (p=0.048), and IC40 (p=0.005) showed increased involvement in the DBS-Off resting state compared to the DBS-On resting state.
IC25 included the sensorimotor areas, premotor area and cerebellum. This component was affected by the DBS, i.e., the DBS decreased the involvement of IC25. IC9 is composed of the in-phased middle frontal gyrus, posterior cerebellum, medial frontal gyrus and left posterior cingulate cor- [20] [21] [22] [23] and in the abnormal functional connectivity in resting state fMRI data. 5, 6 Despite extensive researches on the network abnormality in PD, few studies have been conducted to examine how STN-DBS restores abnormal networks in PD, especially motor networks. In the current study, we investigated DBS-induced network changes of PD during a motor task using cross-sectional PET ICA. phased left superior temporal gyrus, left inferior frontal gyrus, left putamen, left parahippocampal gyrus and pons.
DISCUSSION
The network abnormalities in PD have previously been reflected in the altered spatial covariance pattern of regional 
Network analysis and univariate subtraction method
In the current study, ICA blindly decomposed functional components corresponding to results detected in the SPM analysis (Fig. 1) . In particular, the sensorimotor network (IC25) in the ICA results (Fig. 2) , in which the weight showed a significant task effect, was similar to the SPM result for task effect (Fig. 1A) and task-induced increased activation in the DBS-Off and DBS-On states (Fig. 1C and D) . However, we did not find a direct functional component corresponding to the SPM result of the DBS effect (Fig. 1B) . Repeated measures of ANOVA of ICA weights suggested that the DBS effect in Fig. 1B may not be a single network but a mixture of multiple spatially independent networks, i.e., IC6, IC9, and IC25 for the right precentral gyrus and premotor area, and IC4 for the midbrain.
STN-DBS effects on the Parkinson's motor networks
Although some controversy exists among previous studies, [25] [26] [27] [28] STN-DBS does suppress hyperactive cortical lobes,
Network perspective in understanding STN-DBS mechanism
The current cross-sectional ICA method is based on a connectionist view to understand the STN-DBS mechanism, which matches the network properties of the STN. While stimulation of the STN may affect multiple pathways because of its broad connectivity, STN stimulation may also block information flow through the STN, potentially preventing propagation of aberrant signals in disease. 24 The network complexity of the STN involvement leads to difficulty in identifying a specific region of DBS action. Furthermore, understanding motor-task related mechanism of DBS in terms of regional activities is more difficult as task performance itself recruits complex circuitry. Therefore, it is reasonable to assume that the modulation of STN-DBS may occur as a network for the current sequential finger-to-thumb opposition task. This network perspective provides the rationale for functional connectivity analysis using cross-sectional ICA of PET. Results from the repeated measures ANOVA of the independent components (ICs) with weights for significant task effect, DBS effect and task×DBS interaction, task induced changes according to the paired t-test during DBSOn and DBS-Off and the difference between DBS-On and DBS-Off during the resting state (p<0.05) are displayed. Voxel intensities at each IC component were Z-transformed, and clusters with Z>2 or Z<-2, cluster size >100 voxels are displayed. The main task effect was found in IC25. DBS effect was found in IC25, IC9, IC6, IC4, and IC40. DBS and task interaction were found in IC8. A task-induced increase was found in IC40 for DBS-On and IC16 for DBS-Off. Reduced involvement due to DBS during the resting state was found in IC8 and IC14. Note that red and blue colors indicate anti-phase subregions in a network. ACC, anterior cigulate cortex; Cd, caudate; Cu, cuneus; Gp, globlus pallidum; LG, lingual gyrus; MCC, middle cingulate cortex; MdB, midbrain; MeFG, medial frontal gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; PaC, paracentral gyrus; PaH, parahippocampal gyrus; PCC, postcentral cortex; PoC, postcentral gyrus; PrC, precentral gyrus; PrM, premotor area; PrCu, precuneus; pSMA, pre supplementary motor area; Pu, putamen; SFG, superior frontal gyrus; SMA, supplementary motor area; STG, superior temporal gyrus; ThP, thalamus pulvinar; ThVL, ventrolateral thalamus; DBS, deep brain stimulation; IFG, inferior frontal gyrus; ANOVA, analysis of variance.
DBS
25 excites the internal globus pallidus, which has an increased inhibitory drive to the thalamus that reduces the excitatory thalamic drive to the cerebral cortex. To explain the increased thalamic rCBF due to the STN-DBS, one may attribute these findings to the pallidal inhibitory connection that is highly active at the terminal synapse located in the thalamus, thereby inducing increased rCBFs at the thalamus. On the contrary, the decreased thalamic rCBF due to STN-DBS can be explained by the relationship between the inhibitory neurons and rCBF changes 27 since GABA-ergic inhibition reduces blood flow to the target area. [33] [34] [35] [36] This controversial interpretation may be attributable not to the basal ganglia-thalamo-cortical network problem but possibly to the neuro-vascular coupling problem, i.e., what the rCBF reflects in association with neural activity. Geday, et al. 27 discussed that suppressed ventrolateral thalamic rCBFs decreased cortical rCBFs due to STN-DBS, similar to our present finding, which fits the basal ganglia-thalamo-cortical network model more accurately than the theory that increased thalamic rCBFs.
Intrinsic motor networks of PD in independent components
Based on the distributed activity pattern within a functional component, we can infer intrinsic brain networks in PD. The globus pallidum showed an anti-phased co-activation with the cerebellum, premotor and dorsolateral prefrontal cortex but no apparent co-activation with the motor cortex in IC9. The anti-phase co-activation between the globus pallidum and the cerebellum without a significant co-activation with the motor cortex is consistent with a restingstate fMRI study of patients with PD. 37 The anterior putamen showed an anti-phased connection with the premotor and the precental gyrus, however, an inphased connection with the superior/middle temporal gyrus, middle frontal cortex and pons in IC16. The in-phased connection from the anterior putamen is again consistent with a study of Helmich, et al. 38 which showed functional connectivity between the anterior putamen and the middle frontal gyrus, middle temporal gyrus and mesencephalon in both patients with PD and healthy controls using restingstate fMRIs. Both the globus pallidum and putamen had an anti-phased connection with the superior and middle frontal cortices in IC9 and IC16.
The anti-phase connection between the putamen/globus pallidum and cortical regions and the in-phase connection between the ventrolateral thalamus and motor cortical resuch as the premotor areas and anterior cerebellum, while facilitating hypoactive regions, such as the globus pallidum/putamen, temporal gyrus and occipital gyrus. Functional components of IC25, IC9, IC6, and IC40 show a grossly consistent pattern with previous studies of PD patients, in that STN-DBS suppressed the precentral gyrus (IC25), SMA (IC25, IC6), premotor area (IC25), and cingulate (IC40), while activating the putamen (IC9), regardless of task performance or resting state.
The network difference between DBS-On and DBS-Off during motor performance is displayed in IC16 and IC40. The difference exists in the involvement of the right premotor, middle frontal gyrus and lateral parietal lobe during the DBS-Off state, which was reduced due to STN-DBS. This finding is roughly consistent with the study of Samuel, et al., 2 who showed hyperactivity in the lateral premotor and parietal cortex and hypoactivity in the SMA of patients with PD during sequential and bimanual movement. IC40 is also a plausible network comprised of the anterior, middle and posterior cingulate cortices, which are interconnected with each other by cingulum bundle fibers. The reduced rCBF in the cingulate network due to STN-DBS (IC40) was also found in a previous study. 27 An important advantage of ICA is its ability to provide information regarding brain networks in PD and their changes due to STN-DBS. In agreement with the well-known connectivity of the thalamus, i.e., from the pulvinar to the posterior association cortex and from the ventrolateral subnuclei to the motor and somatosensory cortices, we observed co-activation between the pulvinar of the thalamus and the precuneus in IC9 and between the ventrolateral thalamus and the paracentral cortex-SMA in IC6. STN-DBS increased the pulvinar activity together with the precuneus and the putamen in IC9, while reducing both ventrolateral thalamic activity and motor cortical activities in IC6. The decreased blood flow at the ventrolateral thalamus due to STN-DBS was previously observed. 26, 27 The increased rCBF due to STN-DBS at the thalamic pulvinar in IC9 is consistent with the result of Hershey, et al. 25 However, STN-DBS effects on rCBF changes in the ventrolateral thalamus in PD are still controversial as other studies showed increased blood flow or metabolism at the thalamus. 20, 28, 29 Despite this controversy, the interpretations are commonly based on the classical model of the basal ganglia-thalamocortical network 30 to explain the different rCBF changes at the thalamus due to STN-DBS. According to the classical model of PD, 31, 32 the increased net output from the STN-gardless of statistical significance of its involvement (i.e., weight) in a certain task, DBS effect or else. We did not conduct DBS-Off scanning before DBS-On because all of the patients found it extremely difficult to perform the motor task without DBS and because we considered that the compound effects such as learning or fatigue might not be significant due to the simplicity of the task and sufficient resting interval between scans.
We were also unable to wait for the brain to completely return to the baseline state before conducting the task with DBS-Off. This was because the patients could carry out the task for only a limited time after DBS-Off. Therefore, we cannot disregard the possibility of transient DBS-abstinent effects in brain network modification. Nevertheless, the transient effects could be explained using the alteration of weights for fixed spatial components according to current ICA model.
The relatively short interval between the second motor performance task and DBS-Off start time may explain no significant task performance decrease (from visual analysis of available five video-recordings) in the patients after DBSOff. Indeed, the time course of behaviour changes after DBS-Off has not been clearly understood. However, we found significant alterations in the brain network usages reflected in rCBF synchrony. The significant alteration in the neural level may indicate faster or more sensitive changes in the neural networks than those in behaviours. Alterations in the neural level without significant motor performance reduction may be interpreted as hierarchical reconfiguration of brain networks to compensate the lack of normal modulations (by STN-DBS) to achieve the required motor function using available resources. In the network perspective, it is possible to achieve a given task using different network configurations. 45 However, this is simply a speculation that requires more concrete evidences.
In the current study, we evaluated the DBS effects on patients with PD. However, network analysis of motor performance PET data from PD patients without DBS, different subtypes of PD with DBS and healthy subjects would be very important in understanding DBS effects in detail, which is left for further investigations.
We conclude from our study that bilateral STN-DBS changes not only regional activities but also abnormal motor networks in patients with PD. This study also suggests that ICA of cross-sectional PET data is useful for revealing network alterations, which cannot be detected using the subtraction method.
gions, found in IC16 and IC9, are consistent with a model of the basal ganglia-thalamo-cortical network developed by Alexander, et al. 39 Although the weights of IC9 and IC16 differed according to conditions, e.g., IC9 was suppressed by STN-DBS and IC16 was significantly involved in a motor task during DBS-Off, the spatial components were derived from all the PET data of patients regardless of tasks and DBS states. Therefore, the spatial patterns of ICs reflect intrinsic network properties in patients with PD. This is partly supported by fMRI studies showing that task-activated networks are embedded in spontaneous activities. 40, 41 In summary, the functional components blindly decomposed using a cross-sectional ICA have plausible bases in previous studies and provides how DBS changes patterns of functional association among brain regions otherwise unresolved in the subtraction approach.
Cross-sectional ICA for network analysis using static PET The usefulness of the cross-sectional ICA was previously demonstrated in the identification of group-specific spatial patterns of gray matter in the voxel-based morphometry 42 and in the decomposition of functional networks from crosssectional [ 18 F]fluoro-deoxy-glucose PET comparable to networks found in the resting state fMRI. 43 Since voxels that convey similar information are clustered into a single independent component, an independent component from ICA represents a tight association between brain regions within the component and can be regarded as a "network". 42 A multivariate analysis using ICA has advantages over univariate subtraction methods in providing network information, especially in brain research where each region works in collaboration with other inter-connected regions. 44 In contrast to PCA-based methods, ICA is designed to find independent functional components by maximizing the statistical independence of the estimated components. The current study showed that cross-sectional ICA is highly useful in identifying functional components for network analysis in addition to carrying univariate activity information.
Limitations of experiment
In terms of experiment and data interpretation, this study has several limitations. The relatively small number of patients may explain the low statistical power in the comparison of weights. However, each IC component pattern was derived from a group of subjects and carries information on common brain networks embedded in patients with PD, re-
